Significant progress has been made in understanding the roles of crucial residues/motifs in the channel function of P2X receptors during the pre-structure era. The recent structural determination of P2X receptors allows us to reevaluate the role of those residues/motifs. Residues Arg-309 and Asp-85 (rat P2X4 numbering) are highly conserved throughout the P2X family and were involved in loss-of-function polymorphism in human P2X receptors. Previous studies proposed that they participated in direct ATP binding. However, the crystal structure of P2X demonstrated that those two residues form an intersubunit salt bridge located far away from the ATP-binding site. Therefore, it is necessary to reevaluate the role of this salt bridge in P2X receptors. Here, we suggest the crucial role of this structural element both in protein stability and in channel gating rather than direct ATP interaction and channel assembly. Combining mutagenesis, charge swap, and disulfide cross-linking, we revealed the stringent requirement of this salt bridge in normal P2X4 channel function. This salt bridge may contribute to stabilizing the bending conformation of the ␤2,3-sheet that is structurally coupled with this salt bridge and the ␣2-helix. Strongly kinked ␤2,3 is essential for domain-domain interactions between head domain, dorsal fin domain, right flipper domain, and loop ␤7,8 in P2X4 receptors. Disulfide cross-linking with directions opposing or along the bending angle of the ␤2,3-sheet toward the ␣2-helix led to loss-of-function and gainof-function of P2X4 receptors, respectively. Further insertion of amino acids with bulky side chains into the linker between the ␤2,3-sheet or the conformational change of the ␣2-helix, interfering with the kinked conformation of ␤2,3, led to loss-of-function of P2X4 receptors. All these findings provided new insights in understanding the contribution of the salt bridge between Asp-85 and Arg-309 and its structurally coupled ␤2,3-sheet to the function of P2X receptors.
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P2X receptors are ATP-gated non-selective cation channels that are widely distributed in various eukaryotic cells (1) . They sense the elevation of extracellular ATP with Ca 2ϩ and Na ϩ ions passing through activated channels into the cell, leading to diverse physiological and pathological activities (1, 2) , including synaptic transmission, pain sensation, cardiovascular diseases, respiratory functions, gastrointestinal disorders, immune balance, and urinary regulations. So far, seven P2X (P2X1-P2X7) receptors have been cloned from eukaryotic cells, which can form homomeric or heteromeric trimers (3) (4) (5) (6) (7) . Dysfunctions of those homomeric or heteromeric P2X channels are associated with numerous diseases (2) such as neuropathic pain (8) , hypertension (9) , and thrombosis (10) . Knowledge of the gating mechanism of those channels will advance our understanding of the structure-function relationship of those trimeric receptors, which in turn will contribute to the development of new drugs targeting P2X receptors (6) .
In the past 2 decades, the functional roles of the essential structural elements, such as conserved residues/motifs in P2X receptors activation, have been identified through sequence alignment, mutagenesis, and electrophysiological recording before the crystal structure was determined (3, (11) (12) (13) (14) (15) . The recent structural determination of zebrafish P2X4 receptors (zfP2X4) at the resting and open states allowed us to study both conserved and non-conserved key residues/motifs and their allosteric transitions during channel activation at the atomic level (16, 17) . Those two structures led to the discovery that the subunit embedded in the membrane resembles a leaping dolphin, which consists of intracellular N and C termini, two transmembrane helices, and a rigid extracellular body domain, cova-lently attached by a cysteine-rich head domain, a right flipper, a left flipper (LF), 4 and a dorsal fin (DF) domain. The resolved crystal structures will benefit an in-depth investigation of the conformational transition during the channel gating of P2X receptors (18, 19) . Significant progress has been made (19 -27) because the structural determination of P2X receptors (18, 19, 28) , mainly including the downward motion of the head domain, coordinated tightening of the ATP-binding site jaw, the relative motions of the LF and DF domains, and the following pore-opening motions. Most importantly, the resolved crystal structures would also benefit intensive studies on the key structural elements with uncertain or distorted roles in the activation of P2X receptors, due to the previous lack of crystal structures.
It is known that the genetic polymorphism at the highly conserved residue (R307Q) causes loss-of-function of the human P2X7 (hP2X7) receptor and is associated with the lack of ATPstimulated phospholipase D activity in lymphocytes (29) . Before the structural determination of zfP2X4, it was thought that the polymorphism interrupted ATP binding of hP2X7 receptors, resulting in dysfunction of hP2X7. However, the crystal structures of the zfP2X4 receptor revealed that the shortest distance between the guanidinium group of Arg-312 (equivalent to the Arg-307 of hP2X7) and the triphosphate group of ATP is 12.7 Å ( Fig. 1A) , which is too far to produce direct interactions between the residues and the ATP. Instead, the guanidinium (RNHC(NH 2 ) 2ϩ ) of Arg-312 interacts with the anionic carboxylate (R-COO Ϫ ) of Asp-88, another highly conserved residue throughout the P2X family, forming a salt bridge in both resting and open states of zfP2X4 receptors ( Fig.  1B ). Salt bridges, commonly formed by a combination of noncovalent interactions (hydrogen bonding and electrostatic interactions) between acidic and alkaline amino acids, play important roles in maintaining the structures and functions of enzymes, receptors, and other proteins (30 -38) . Previous studies have demonstrated important roles of salt bridges in channel functions, such as channel gating (31) and protein expression (34) , in a wide variety of ion channels. Therefore, the reason why the polymorphism of one residue of this salt bridge induced loss-of-function in human P2X receptors should be reevaluated. Also, the functional roles of this highly conserved salt bridge in P2X receptors also need to be elucidated. Combining mutagenesis, disulfide cross-linking, electrophysiology, Western blotting, and molecular modeling, we suggest here the critical role of this highly conserved salt bridge in protein stability and channel gating via a mechanism of stabilizing the kinked conformation of the ␤2,3-sheet, a structural element covalently coupled with one residue of this salt bridge.
Experimental Procedures
Cell Culture-As we described previously (39) , human embryonic kidney 293 cells (HEK-293) were cultured in DMEM containing 10% FBS and antibiotics at 37°C in a humidified atmosphere of 5% CO 2 and 95% air. Transfections of plasmids were performed with Hilymax (Dojindo Laboratories, Kumamoto, Japan) according to the manufacturer's protocol.
Drugs and Mutagenesis-Most of the drugs were purchased from Sigma. The plasmids pcDNA3-rP2X4, pcDNA3-rP2X2, and pcDNA3-rP2X7 were kindly gifted by Drs. Alan North and Lin-Hua Jiang. The cDNA of zfP2X4.1 was obtained from Dr. Eric Gouaux and was then subcloned into the pcDNA3.1 vector. The cDNA of hP2X1 was purchased from JiKai Gene and was subcloned into the pcDNA3.1 vector. All mutants were obtained using a QuikChange mutagenesis kit and subsequently verified by DNA sequencing.
Electrophysiology-As we previously described (39) , wholecell patch clamp recordings were performed 24 -48 h after transient transfection at room temperature (23 Ϯ 2°C) using Axon 200B under the voltage clamp. The recording electrodes were filled with a pipette solution, and the resistance was between 3 and 5 megohms. Membrane current signals were amplified by using a patch clamp amplifier (Axon 200B, Axon Instruments, Foster City, CA). Currents were low-pass filtered at 2 kHz. All currents were sampled and analyzed using a Digidata 1440 interface and a computer running the Clampex and Clampfit 10.0 software (Molecular Devices). Solutions were applied using a "Y-tube" method throughout the experiments. The external solution contained (in mM) 150 NaCl, 5 KCl, 10 glucose, 2 CaCl 2 ⅐2H 2 O, 10 HEPES, and 1 MgCl 2 ⅐6H 2 O; the pH was adjusted to 7.2-7.4. Pipette solutions contained (in mM) 120 KCl, 30 NaCl, 1 MgCl 2 ⅐6H 2 O, 0.1 CaCl 2 ⅐2H 2 O, and 5 EGTA; the pH was adjusted to 7.2 using Tris-base. Cells were patched and held at Ϫ60 mV throughout the experiment under voltage clamp conditions. Drugs were dissolved in external solutions. By using nystatin (0.1 g/l) in high potassium pipette solutions, perforated patch clamp was employed when ATP was administered repeatedly to avoid the desensitization of P2X receptors. High potassium pipette solutions contained (in mM) 75 K 2 SO 4 , 55 KCl, 5 MgSO 4 , 10 HEPES. The interval time between ATP delivery was 8 -15 min to avoid receptor desensitization. The maximal currents of WT and mutated channels were measured using standard whole-cell recordings, whereas the nystatin-perforated patch clamp was used for recordings of dose-dependent response curves and the current comparison before and after DTT application.
Western Blotting-Surface biotinylation and Western blotting were performed according to our previous description (39) . In brief, the transfected HEK-293 cells were washed in chilled PBS and then incubated with sulfo-NHS-LC-biotin (Pierce) dissolved in chilled PBSϩ/ϩ (containing 1 mM MgCl 2 and 0.1 mM CaCl 2 , pH 8.0). The reaction was terminated by incubating the cells with glycine (20 mM) in PBS and washed three times with PBS. The cells were then collected and lysed with RIPA buffer (Thermo Scientific). With centrifugation, 10% of the volume of the supernatant was diluted with SDS loading buffer and used as the total protein fraction. The remaining biotinylated proteins were adsorbed to agarose resin linked to NeutrAvidin by 3-5 h of incubation at 4°C and subsequently washed with chilled PBS 3-5 times. All of the Western blotting protein samples were boiled with SDS loading buffer with (for reducing experiment) or without (for non-reducing experiments) ␤-mercaptoethanol (1%) for 5 min. Bound proteins were used as surface proteins. Protein samples were then analyzed by Western blotting. The samples were separated by SDS-PAGE using an 8 -10% main gel and a 4% stacking gel and transferred to a polyvinylidene difluoride (PVDF) membrane. The membrane was blocked with 5% milk at room temperature for 1-2 h and then incubated overnight at 4°C with anti-EE tag (1:1,000; Abcam) or anti-GAPDH (1:2,000; Sungene Biotech) antibodies dissolved in 5% milk. Then the membrane was washed and incubated with appropriate HRP-conjugated secondary antibodies for EE tag (25°C, 1 h, 1:1,000; goat antirabbit IgG(HϩL)-HRP; Sungene Biotech) or GAPDH (25°C, 1 h, 1:3,000, goat anti-mouse IgG(HϩL)-HRP; Sungene Biotech) and finally visualized using an ECL solution (Thermo) and exposure with ImageQuant RT ECL system (GE Healthcare) for 1-3 min. The results were then analyzed using ImageQuant software.
Homology Modeling-The homology models of rP2X4 and mutants were created based on the crystal structures (Protein Data Bank entries 4DW0 and 4DW1) using Modeler 9.9 following our previous description (39) . The alignments of the target sequences were made by Modeler 9.9 and manually adjusted to match published alignments (16) . The constructed model was checked and validated by ProCheck (40) .
Molecular Dynamic Simulations-According to our previous description (39) , all MD simulations were performed by using the program DESMOND 3.0 (41) with a constant number of particles, pressure (1 bar), and temperature (300 K) and periodic boundary conditions, which uses a particular "neutral territory" method called the midpoint method to efficiently exploit a high degree of computational parallelism (41) . A default OPLS_2005 force field, following the functional form of the OPLS-AA family of force fields, was used for the protein and ATP molecules. The energy-minimized structures by DESMOND 3.0 were used as the starting structures for MD simulations (41) . A large dimyristoylphosphatidylcholine bilayer was constructed to generate a suitable membrane system in which the transmembrane domain of the rP2X4 could be embedded. The protein/dimyristoylphosphatidylcholine system was subsequently dissolved in simple point charge water molecules. Counter ions were then added to compensate for the net negative charge of the system. NaCl (150 mM) was added into the simulation box that represented background salt at physiological conditions. All of the MD simulations were run on the DAWNING TC2600 system. Preparation, analysis, and visualization were performed on a DELL T7500 graphic working station.
Data Analysis-All static results were expressed as means Ϯ S.E. Data were analyzed with Clampfit 10.2 (Molecular Devices). Statistical comparisons were performed using Student's t test. The significant levels were considered statistically as follows: *, p Ͻ 0.05, and **, p Ͻ 0.01. Concentration-response relationships for ATP activation of wild-type or mutant receptors were performed by administration of ATP with different concentrations, and data were obtained from 4 -12 cells in at least three different batches of transfections. All of the results used to generate a concentration-response relationship were from the same group. Currents induced by each concentration were normalized by the maximal current, and then data were pooled for statistical analysis. The data were fitted to the Hill equation, I/I max ϭ 1/(1 ϩ (EC 50 /[ATP]) n ), where I is the normalized current at a given concentration of ATP; I max is the maximum normalized current; EC 50 is the concentration of ATP yielding a current that is half of the maximum, and n H is the Hill coefficient.
Results
Highly Conserved Salt Bridge between Arg-312 and Asp-88 Is Essential for the Channel Function of the zfP2X4 Receptor-The crystal structure of the zfP2X4 receptor revealed that the guanidinium (RNHC(NH 2 ) 2ϩ ) of Arg-312 in one subunit interacts with the anionic carboxylate (R-COO Ϫ ) of Asp-88 in another subunit, with the NOO bond distances of 1.79 and 1.74 Å, respectively, forming a salt bridge, both at resting and open states ( Fig. 1B) . Additionally, a cation-interaction was also observed between Arg-312 and Trp-167 ( Fig. 1B) . Alanine substitutions on these three residues (R312A, D88A, and W167A) led to significantly decreased maximal currents (I max ) of zfP2X4 receptors induced by saturated ATP (10 mM), indicating the important roles of those residues in P2X4 function (I max ϭ 1.2 Ϯ 0.6, 3.12 Ϯ 1.3, 1.37 Ϯ 0.44 pA/pF, for R312A, D88A, and W167A, respectively, versus I max ϭ 14.6 Ϯ 1.0 pA/pF for WT, respectively, n ϭ 7, p Ͻ 0.01; Fig. 1, C and D) . However, the shortest atomic distance between ATP and the residue Arg-312 is longer than 12.0 Å ( Fig. 1A ), suggesting that Arg-312 indirectly influences the ATP-induced effect. The contribution of those three residues in channel functions remains to be clarified.
The residues Asp-88, Arg-312, and Trp-167 of zfP2X4 receptors are highly conserved across the P2X family ( Fig. 1E ). Moreover, the spatially adjacent residues surrounding them are also conserved in zfP2X4 and rat P2X4 (rP2X4) receptors ( Fig. 1E ), indicating a comparatively highly conserved architecture in P2X4 proteins among different species. Because zfP2X4 showed low apparent ATP affinity (EC 50 , the concentration of yielding one-half of maximal currents, Ͼ1 mM) (17) and poorer expression efficiency in HEK-293 cells (I max ϭ 14.6 Ϯ 1.0, n ϭ 8, and 313 Ϯ 36 pA/pF, n ϭ 25 for zfP2X4 and rP2X4, respectively), when compared with rP2X4 receptors, all the following procedures of mutagenesis, electrophysiological recordings, and protein expression measurements were carried out on equivalent residues of rP2X4 to facilitate the further study into this interaction cluster.
To examine the locations and orientations of equivalent amino acids of this salt bridge and adjacent residues intuitively, we built a homology model of rP2X4 based on the crystal structures of zfP2X4, at both resting (PDB entry code 4DW0) and open (PDB entry code 4DW1) states. The homology model revealed that Arg-309 (located at ␤13, corresponding to Arg-312 of zfP2X4), interacted with Asp-85 (located at the loop between ␣2 and ␤3, corresponding to Asp-88 of zfP2X4), forming a salt bridge ( Fig. 1F ). Meanwhile, a strong cationinteraction was also observed between Arg-309 and Trp-164 (corresponding to Trp-167 of zfP2X4) ( Fig. 1F ). Adjacent residues that are highly conserved between the zfP2X4 and rP2X4 receptors, including Arg-82, Ala-87, Asp-88, Ala-297, and Glu-307 (rP2X4 numbering), which are shown to be highly conserved between the zfP2X4 and rP2X4 receptors, may contribute to supporting the interactions between Asp-85, Arg-309, and Trp-164 ( Fig. 1E ).
Salt Bridge between Arg-309 and Asp-85 Is a Stringent Structural Element Required for Normal rP2X4 Function-To elucidate the functional roles of this salt bridge in rP2X4, we substituted these three amino acids and their adjacent residues with alanines. The substitutions at the residues almost abolished ATP-induced rP2X4 currents (I max ϭ 12.7 Ϯ 3.1, 33.9 Ϯ 6.0, 43.7 Ϯ 9.2 versus 312.8 Ϯ 36 pA/pF; R309A, D85A, and W164A versus WT, n ϭ 6 -25, p Ͻ 0.01, Fig. 2, A and B) , which are consistent with identical mutations in zfP2X4 ( Fig. 1, C and D) . In comparison, mutations in adjacent residues (K298A, R82A, and E307A) displayed no significant effects on maximal responses of rP2X4 (Fig. 2, A and B) .
Previous studies demonstrated that the ion channel function could be restored by charge swapping or disulfide trapping of the salt bridge in some receptors (31, 32, 35) . Here, disruption of the salt bridge by charge reversal at one amino acid of the salt bridge attenuated ATP-induced maximum currents (I max ϭ 5.46 Ϯ 2.6 and 2.69 Ϯ 0.7 pA/pF, for R309D and D85R, respectively; n ϭ 6 -10; Fig. 2 , B and C), indicating an essential role of this structural element to normal channel function. However, charge swapping (R309D/D85R) could not restore the currents induced by saturated ATP (10 mM) to the WT level (R309D/ D85R, I max ϭ 4.32 Ϯ 1.5 pA/pF, n ϭ 6; Fig. 2 , B and C). We then examined the role of the salt bridge by replacing it with an inter-domain/intersubunit disulfide bond. Cysteine substitutions were introduced to the salt bridge pair. As a result, single or double substitutions resulted in complete loss of channel function (Fig. 2, B and C) . The Western blotting result revealed that R309C/D85C mutants mainly existed as trimers and, to a lesser degree, as dimers, which can be separated into monomers by the reducing reagent ␤-mercaptoethanol (1%) (Fig. 2D ). As a control, the WT receptor was expressed as a monomer in both conditions (Fig. 2D ). These results suggested the formation of intersubunit disulfide bonds in R309C/D85C mutant, although the expression of mutated channels was much lower compared with that of the WT. Therefore, the loss of function of R309C/ D85C was not due to its failure to form intersubunit disulfide bonds; instead, it may have resulted from the cross-linkinginduced conformational change that could not support the normal channel function.
The fact that charge swapping and disulfide bond trapping could not restore the channel function shows a stringent structural requirement of the salt bridge between Arg-309 and Asp-85 for normal rP2X4 function. In addition even minor alterations, such as D85E and R309K, could significantly reduce the ATP-induced maximal current (I max ϭ 28.6 Ϯ 13 and 67.8 Ϯ 2.3 pA/pF for D85E and R309K, respectively; n ϭ 4 -5; Fig. 2B ), indicating that any subtle change in this position may lead to a significant impact in channel function, let alone changes with bulkier sizes of the aromatic side chains in D85F, R309F, and D85F/R309F mutants (I max ϭ 7.21 Ϯ 3.1, 12.7 Ϯ 5.1, and 2.7 Ϯ 0.8 pA/pF for D85F, R309F, and D85F/R309F, respectively; n ϭ 4 -5; Fig. 2, B and C) . Taken together, the salt bridge between Arg-309 and Asp-85 is essential for the functional rP2X4 receptors. Any subtle changes of charge or size at the side chains could result in a loss of channel function. APRIL 8, 2016 • VOLUME 291 • NUMBER 15
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Salt Bridge between Arg-309 and Asp-85 Is Essential for rP2X4 Stability and Channel Gating Rather than Direct ATP Interaction and Channel Assembly-Given that the decreased channel response is generally attributed to lower protein expression or impaired channel gating, we measured the protein expression level of the rP2X4 receptor and its mutants, at both total and membrane expression levels. Protein expression levels of mutants D85A, R309A, and W164A decreased significantly, especially for their surface expression levels (Figs. 2E and 3, A and B). The mutation D85R reduced the channel expression level to half of the WT expression. Also, R309D and R309D/D85R caused a larger reduction of the channel expression of P2X4 receptors ( Figs. 2E and 3, A and B) . In addition, introducing a disulfide bond between Arg-309 and Asp-85 by double cysteine substitutions (R309C/D85C) could not rescue the decreased protein expression level by single mutations ( Figs. 2E and 3, A and B) .
Multiple factors can influence the protein expression level, for example, altered protein stability, channel assembly, and surface trafficking. To determine whether the disruption of the salt bridge affected the stability of protein, we incubated the transfected HEK-293 cells with cycloheximide (CHX, 20 g/ml), an inhibitor of protein biosynthesis, in time scale experiments. The negligible protein expression of R309A rendered the mutant expression difficult to be quantified. We chose D85A as an example to investigate the protein stability. After incubation with CHX for 5 h, the protein level of D85A decreased by 77 Ϯ 11% and that of the WT decreased by 19 Ϯ 8% (Fig. 3, C and D) , suggesting a profound instability of the D85A mutant when compared with the WT (p Ͻ 0.05).
In contrast to the profound reduction in maximum currents, little to no change was observed in EC 50 values for the functional mutants, namely R309K (EC 50 ϭ 4.75 Ϯ 1.6 M, n H ϭ 1.4 Ϯ 0.5, n ϭ 12) and W164A (EC 50 ϭ 2.3 Ϯ 0.3 M; n H ϭ 1.2 Ϯ 0.4, n ϭ 9), compared with WT channels (EC 50 ϭ 2.3 Ϯ 0.7 M, n H ϭ 1.6 Ϯ 0.6, n ϭ 4). The EC 50 value of the channel was partly enhanced in D85A (EC 50 ϭ 41.9 Ϯ 7.1 M, n H ϭ 1.5 Ϯ 0.4, n ϭ 10, Fig. 3E ), which is located in the loop between the ␣2-helix and the ␤3-sheet (Fig. 1F) . The increased EC 50 may originate from the fact that the motion of this domain was associated with the downward movement of the head domain, which is coupled with the ATP binding and channel gating activity (20, 24, 42) . However, compared with the mutations at positively charged residues, which interact directly with the negative triphosphate of ATP, such as K71A and K69R (the EC 50 of ATP Ͼ20 mM) (43, 44) , the rightward shift of the concentrationresponse curve for D85A was nearly negligible.
Taking into account that D85E and R309K displayed significantly decreased ATP-induced currents (Fig. 2B ) but with less influence in the protein expression ( Fig. 2E) , we proposed that the impaired channel gating of rP2X4 may be the main cause of the functional decrease of those mutants, in addition to their poor expression. To further test this hypothesis, we analyzed the relevance between protein expression and current density of all mutants. The current densities showed poor correlation with total (R 2 ϭ 0.45, p Ͼ 0.05) or surface protein expressions of ion channels (R 2 ϭ 0.51, p Ͼ 0.05), verifying that the reduction of protein expression cannot fully account for the decreased channel activity from the disrupted salt bridge between Arg-309 and Asp-85 ( Fig. 3, A and B) . To further exclude the possibility that this intersubunit salt bridge between Arg-309 and Asp-85 participates in channel assembly, we introduced additional mutations, D85E and R309K, into mutant V288C/ T211C, which could form trimeric receptors in non-reduction SDS-PAGE, due to the formation of intersubunit disulfide bonds as we previously demonstrated (39) . Trimeric bands of mutants, D85E/V288C/T211C and R309K/V288C/T211C, were observed in the non-reducing Western blotting, indicating that the alterations of the salt bridge between Arg-309 and Asp-85 did not render a significant deficiency in channel assembly of P2X4 receptors (Fig. 3, F and G) . Thus, given the normal surface expression, channel assembly, and EC 50 of D85E and R309K, the significantly reduced maximal currents induced by saturated ATP might be due to changes in some essential or constituent elements of P2X4 channel gating, for example, the decreased rate of channel opening and/or mean channel open time or an increased rate of channel desensitization. Taken together, the salt bridge together with cationinteractions among Arg-309 and Asp-85 and Trp-164 plays important roles in channel function by participating in protein expression and stability, as well as channel gating, rather than direct ATP interaction and channel assembly.
Molecular Simulations Indicate the Essential Role of the Salt Bridge between Arg-309 and Asp-85 in Stabilizing the Kinked Conformation of the ␤2,3-Sheet-Although it is clear that the Arg-309 and Asp-85 salt bridge is possibly involved in protein stability and the channel gating function of rP2X4 receptors, the underlying mechanism still remains unclear. To gain insights into the conformational change induced by the absence of this salt bridge, we constructed a homology model, named rP2X4 D85A(B)/R309A(C) , substituting alanine for Asp-85 in chain B and Arg-309 in chain C of rP2X4 at open state. Therefore, the salt bridge that formed between chain B and chain C was absent in the model, whereas chain A performed as a WT subunit (Fig.  4A ). During the 150-ns time scale of the MD simulations, root mean square deviations of the backbone atoms in the WT chain A were obviously smaller than the mutated chains B and C, suggesting that notably changed conformations in chains B and C occurred when the constraint derived from the intersubunit salt bridge was lost (Fig. 4B ). In addition, root mean squared fluctuation analysis of rP2X4 D85A(B)/R309A(C) showed profound fluctuation of residues in mutated chains (chains B and C) when compared with the WT chain (chain A), especially for the residues in the head domain, the loops ␤7,8, ␤12,13, and ␤2,3, and the DF domain (Figs. 4, C and F, and 5A ). This point was further confirmed by a structural flexibility comparison between the mutated chains (chains B and C) of rP2X4 D85A(B)/R309A(C) and the unmutated chains of WT rP2X4 (Fig. 4, D and E) . Asp-85 and Arg-309 were located in the linker region between ␣2 and ␤3 in one subunit and ␤13 in another subunit, respectively (Fig. 1F ). Because of the stretching force derived from the formation of the intersubunit salt bridge between Arg-309 and Asp-85, together with the repelling force from the head domain, ␤2,3 was forced to form a kinked conformation with an ϳ90°angle relative to the ␣2-helix in the WT channel ( Fig. 5B ). Additionally, a certain angle also exists between ␤2 and ␤3 (like an "X" shape) due to the existence of those constraints (Figs. 4F, 5B, and 6A). Once the salt bridge was interrupted, ␤2,3 moved to the upper left side and exhibited an extended conformation (Figs. 4F, lower panel, and 5 ). The ␤2,3-sheet was located at the interface among the head domain, the loop ␤7,8, and the loop ␤13,14 (Figs. 4F and 6B), where ␤2,3 stacked with those domains together through electronic and/or hydrophobic interactions. Thus, the conformations of those physically coupled domains were dramatically changed after the loss of the salt bridge constraint, such as the downward movement of the head domain, the upward movement of loop ␤7,8, and the simultaneous downward movement of the LF domain (Figs. 4F, lower panel, and 5A). Therefore, weakening of the stacking interaction among various domains from three distinct subunits may reduce the protein stability.
Meanwhile, given that ␤2,3 is physically coupled with head and LF domains, two domains proved to be crucial for channel gating of the P2X4 receptors. It is reasonable to assume that the salt bridge has a role in affecting the channel gating of P2X4 receptors through stabilizing the kinked conformation of ␤2,3.
Therefore, we proposed that the salt bridge between Arg-309 and Asp-85 functioned as the fulcrum of multiple region interactions to stabilize the protein structure. The loss of constraint from this salt bridge would change the kinked conformation of ␤2,3, which consequently interferes with the regions physically coupled with ␤2,3, leading to the instability of the protein or a deficiency in channel gating (Fig. 5) .
Kinked Conformation of ␤2,3 Is Essential for Protein Stability and Channel Gating of P2X4 Receptors-To verify our hypothesis, we engineered the disulfide bond trapping in three directions that modify the bending angle of ␤2,3 without destroying the salt bridge (Fig. 6, A and B) . The C ␤ -C ␤ distances of Gln-113 and Arg-82 and of Glu-307 and Arg-82 were 5.8 and 8.8 Å, respectively (Fig. 6B) , whereas the general C ␤ -C ␤ distance of the disulfide bond was ϳ4.5-5 Å. Therefore, the kinked conformation of ␤2,3 would be altered by shortening C ␤ -C ␤ distances of Q113C/R82C and E307C/R82C, rendering a transition of ␤2,3 from a kinked conformation to an extended conformation (Fig. 6, A and B) . In contrast, the introduction of the disulfide bond in F178C/T76C will roughly hold the original direction of ␤2,3 (Fig. 6, A and B) . By non-reducing Western blotting, the presence of trimetric receptors shown in Q113C/ R82C and E307C/R82C confirmed the establishment of intersubunit disulfide cross-linking (Fig. 6C) .
Consistent with our hypothesis, the introduction of double cysteine mutations Q113C/R82C and E307C/R82C significantly reduced the total protein expressions and surface protein expressions of rP2X4 when compared with those of WT chan- nels (Fig. 6, D, E, and G) . Single cysteine mutations (Q113C, R82C, and E307C) also decreased both total and surface protein expression levels, but to a lesser extent, when compared with the double cysteine mutations (Fig. 6, D, E, and G, p Ͻ 0.05) . Moreover, generated by F178C/T76C, the downward movement of ␤2,3 had a slighter effect on protein expression than the other two disulfide bonds (Fig. 6, F and G, p Ͻ 0.05) . The single mutations F178C and T76C rendered about half a decrease in protein expression level, especially for F178C (42.1 Ϯ 7.8% of WT). Yet interestingly, the double cysteine mutation F178C/ T76C could partially rescue the protein loss caused by F178C (56.9 Ϯ 11% versus 42.1 Ϯ 7.8%, F178C/T76C versus F178C, p Ͻ 0.05; Fig. 6, F and G) , indicating the essential role of the kinked conformation of ␤2,3 in maintaining protein expression of rP2X4.
We then examined protein stability using a CHX assay. Channel proteins were almost completely degraded when Q113C/R82C-or E307C/R82C-transfected cells were incubated with CHX for 1 or 5 h, respectively, whereas CHX had little impact on the WT proteins ( Fig. 7A) , indicating that alternations of the kinked conformation of ␤2,3 rendered the instability of rP2X4 receptors. Meanwhile, the maximal currents deceased dramatically in double cysteine mutants Q113C/R82C and E307C/R82C (Fig. 7, B and C) . Additionally, double cysteine mutants caused little to no shift in ATPresponse curves (Fig. 7D, EC 50 Interestingly, although the protein expression level of F178C/T76C was higher than that of F178C, the amplitudes of ATP-induced currents were smaller (I max ϭ 297 Ϯ 30, 414 Ϯ 29, and 110 Ϯ 31 pA/pF, for F178C, T76C, and F178C/T76C, respectively, p Ͻ 0.01). The disproportional current density and protein expression level in F178C/T76C indicated a possible role of ␤2,3 in P2X4 channel gating. The current amplitude of F178C/T76C increased 2-4-fold after dithiothreitol (DTT, 10 mM) application (Fig. 7, E and F) ; the current declined again after treatment with H 2 O 2 (0.3%), indicating that the disulfide bridge may impair the channel gating of F178C/T76C. Because DTT application displayed no significant effect on the current of WT rP2X4 (Fig. 7, F and G) , the breaking of disulfide between F178C/T76C may be responsible for DTT application-evoked increases in the current amplitude of F178C/T76C. Taken together, alterations of ␤2,3 decreased both maximal channel responses and the stability of the channel protein, whereas preserving the natural kinked conformation of ␤2,3 exhibited little effect on channel function and protein expression. These data confirmed the important role of the kinked conformation of ␤2,3 in maintaining normal P2X4 function.
Additional Strategies to Alter the Kinked Conformation of ␤2,3 Lead to a Deficiency in Normal P2X4 Functions-To further confirm the important role of the kinked conformation of ␤2,3, we put inserts with different amino acid sequences into the loop between ␤2 and ␤3 (between Gly-80 and Phe-81), which would push ␤2,3 toward the upper left direction (Fig.  8A ). Little to no change was observed in both expression and current densities of the mutants, which were inserted with five or seven glycines (Fig. 8, B and C) . In contrast, insertion of a random sequence (KVLGVTG) or five or seven alanines between Gly-80 and Phe-81 all caused obvious decreases in currents and expressions of channels ( Fig. 8, B-E) . Moreover, complete loss of channel current and protein expression was observed in the mutants with inserts composed of leucines or phenylalanines (five or seven), suggesting that elongated aliphatic side chains and the bulky steric hindrance of inserted amino acids could push ␤2,3 to move further toward the upper left side and consequently induce a more extending conformation of ␤2,3 and finally cause a profound influence in channel function.
Furthermore, we selected two residues adjacent to the salt bridge between Asp-85 and Arg-309, namely Ala-297 and Ala-87 (situated in ␣2 helix), with a 3.3-Å C ␤ -C ␤ distance between the two alanines ( Fig. 8F) . Given that C ␤ -C ␤ distance between the formed disulfide bond is about 4.5-5 Å, the distance between Ala-297 and Ala-87 was lengthened when they were replaced with cysteines. Therefore, the cross-linking by mutation A297C/A87C could slightly push the ␣2 helix to the right and consequently alter the interaction between Asp-85 and Arg-309 and finally change the kinked conformation of ␤2,3 (Fig. 8, A and F) . In non-reducing SDS-PAGE analysis, obvious high molecular mass proteins, mainly trimers, were observed, indicating successful introduction of disulfide bonds (Fig. 8G ). The subtle distance changes caused by double mutation A297C/A87C resulted in a profound reduction in protein expression and maximal currents, indicating the rigidity of the conformation in this region ( Fig. 8, C, D, H, and I) .
Taken together, we concluded that the salt bridge formed between Arg-309 and Asp-85 and the kinked conformation of ␤2,3 mainly functioned as a fulcrum to stabilize the interactions among various domains. The destruction of the salt bridge will render conformational changes in ␤2,3 as well as other physically coupled domains, and it will finally influence protein expression and channel gating.
Substitution of Identical Salt Bridges in Different P2X Subtypes Causes a Similar Deficiency in Normal Channel Functions-In consideration of the significance of the salt bridge and its high conservation across the P2X family, we chose P2X1, P2X2, and P2X7 to further study the function of the salt bridge in different subtypes. Similar to what we observed in rP2X4, alanine substitution of the three conserved core residues leads to the deficiency of channel functions, reflected by electrophysiological study (Fig. 9, A and B) . Among the conserved residues, Arg-309 (rP2X4 numbering) was the most stringent in the four P2X family members we studied, with the substitution of it causing a complete loss of channel function. Western blotting data showed that the protein expression, especially at the cell surface level, was conspicuously decreased in the equivalent mutants of Arg-309 (rP2X4 numbering) in P2X7, P2X1, and P2X2 ( Fig. 9, C and D) . These data indicated that the loss of function in polymorphism of R307Q may have been due to the deficiency of surface protein expression ( Fig. 9, C and D) , rather than impaired direct ATP contacts, as reported previously (29) . In addition, although part of the surface expression was partially retained in P2X7 D89A , P2X7 R307A , P2X1 R305A , and P2X2 R304A , none of these mutants produced currents in response to saturated ATP. These results were in accordance with the data of corresponding mutants in rP2X4, suggesting that the conserved salt bridge was not only involved in protein expression but also in channel gating. It should also be noted that those mutants had less impact in total protein expression compared with P2X4, suggesting a conserved role of this salt bridge in influencing the normal channel function but somewhat different from those existing in various subtype P2X receptors.
Discussion
A salt bridge is a strong noncovalent interaction, with a combination of hydrogen bond and electrostatic interactions (45) . This interaction is the most commonly observed interaction to contribute to the stability of the conformation of proteins (46 -48) . Previous studies have demonstrated that a salt bridge is implicated in many protein functions, such as the ligand binding of the GABA A receptor (33), the stabilization of the activa-tion state of Kir1.1 (37) , the folding of the serotonin transporter (38) , the surface expression of ASIC channels (34) , and the protein thermostability of enzymes (36) . Here, we suggest that the salt bridge formed between Arg-309 and Asp-85 played an essential role in the protein stability and channel gating of P2X4 receptors. Losing the constraints from this salt bridge will lead to the instability of the channel protein. Located at the intersubunit interface near the ATP-binding pocket, the salt bridge between Arg-309 and Asp-85 may function as a fulcrum of the stacking interactions among the head domain, the right flipper domain, and the LF domain by stabilizing the conformation of ␤2,3. Once the salt bridge is interrupted, significant conformational changes will take place like the collapse of dominoes, in domains including ␤2,3, DF, loop ␤7,8, loop ␤12,13, and the head domain (Fig. 5A ). Among these regions, some domains have been proven to be associated with channel gating, such as the head and LF domains (20 -25, 42) . Additionally, even a minor change in size of the side chain of those two residues may cause a loss-of-function of P2X receptors. Notably, the significant decreases in current density have also been observed in P2X1, P2X2, P2X4, and P2X7 with mutations in the residues of the salt bridge, without dramatically lower express levels, such as the P2X4 D85K , P2X7 R307Q , P2X7 D89A , P2X7 R307A , P2X1 R305A , P2X1 W164A , and P2X2 R304A (Figs. 2 and 9 ). Because the EC 50 values and channel assembly were proven to be comparable with the WT channels in some mutants (Fig. 3) , the decreased current density in those mutations might be attributed to altered channel gating. Previous studies demonstrated that the head, the DF, and the LF domains have participated in nearly every essential or constituent element of P2X channel gating (20 -22, 24, 39, 42) , including channel desensitization (24) . Given that the changed salt bridge possibly resulted in the conformational changes in ␤2,3 and its physically coupled head and LF domains, the decreased current density in those mutants may be attributed to the combination of the affecting factors mentioned above. Taken together, this salt bridge is important for the normal channel function of P2X receptors. Loss of the constraint of this strong interaction will lead to the instability of channel protein, whereas a minor alteration in this interaction would render deficiency of the channel gating, although the expression level is comparable with WT channels.
Previous studies have suggested that the residue of this salt bridge is implicated in the ATP-sensing of P2X receptors (29, 43, 44) . However, the crystal structures exclude this possibility, because the shortest atomic distance between ATP and the residue of the salt bridge is over 12 Å (Fig. 1A) (16, 17) . It has been demonstrated that channel activation was associated with the downward motion of the head domain that is coordinated with ATP binding (20, 25) . As revealed in MD simulations, we observed alterations of movement in the head domain after losing this salt bridge (Figs. 4F and 5A). It is speculated that the salt bridge may partially contribute to stabilize the shape of the ATP-binding pocket rather than a direct involvement in ATP recognition. This may be the reason why some mutants that interrupt this salt bridge as well as its physically coupled ␤2,3 could change the apparent EC 50 value of the P2X4 receptor, for example, the slightly increased EC 50 values of rP2X4 D85A and rP2X4 Q113C/R82C . Thus, this salt bridge only plays an indirect and negligible role in the ATP sensing of P2X receptors.
Although both Asp-85 and Arg-309 are required to form the salt bridge, their contributions to P2X4 functions are not equal (Fig. 2) . Being the more stringent component, the replacement of Arg-309 with the hydrophobic amino acid (rP2X4 R309A ) caused complete loss of function in protein expression and channel function. The mutant rP2X4 D85A showed a relatively smaller effect on the protein expression when compared with R309A despite the obvious reduced ATP currents. The same results were also observed in P2X1, P2X2, and P2X7 ( Fig. 9 , A-C). This unequal feature has also been reported in other ion channels, such as the Glu-153 and Lys-196 of the GABA A receptor (31) and the Asp-107 and Arg-153 (34) interaction pair of the ASIC3 channel. Until now, there is no proven explanation for this phenomenon. It is possible that that one residue of the salt bridge pair bears more strain energy than the other residue does in maintaining protein conformation and stability. Nevertheless, other possible functions of the residue before the protein folding cannot be ruled out, which rendered one residue different from the other.
Additionally, as an indispensable membrane ion channel, P2X has exhibited its important role in disease intervention and treatment (49 -52) . In recent years, many P2X-targeted drugs have been developed in clinical trials (50 -52) . In-depth knowledge of the dynamics and interplay among different structural elements during channel gating will improve our understanding of the structure-function relationship of the P2X receptor and aid future new drug designs. For example, elucidation of subtle differences in the channel gating of distinct subtypes will boost subtype-specific drug designs targeting P2X receptors. Although the salt bridge identified here is highly conserved through the evolution, the sequences of the surrounding regions (head domain, LF, DF, and ␤2,3) showed a high diversity across the P2X family, which may contribute to subtypespecific differences in the physical coupling between those domains and the salt bridge. As an important functional element, the salt bridge and its surrounding structures are closely related to many ion channel diseases. In the other three subtypes we have identified, P2X7, P2X2, and P2X1, alternation of Asp-85 and Arg-309 and Trp-164 resulted in a similar reduction of channel currents to P2X4, but they showed some difference in total expression as well as channel activation, suggesting some differences underlying the channel dysfunction by mutations in different subtypes. The future study of variability between subunits is helpful for drug design and disease intervention.
In summary, our study identified the essential roles of an intersubunit salt bridge in the normal function of P2X receptors. As a fulcrum, the salt bridge functions by maintaining the interactions of surrounding domains and is indispensable for protein stability and channel gating. These findings enrich our understanding of the role of this salt bridge in P2X receptors and will aid in exploring the mechanisms behind the site mutation-related diseases as well as developing new therapeutic approaches. 
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